The generation of biologically active proteins by regulated intramembrane proteolysis is a highly conserved mechanism in cell signaling. Presenilin-dependent ␥-secretase activity is responsible for the intramembrane proteolysis of selected type I membrane proteins, including ␤-amyloid precursor protein (APP) and Notch. A small fraction of intracellular domains derived from both APP and Notch translocates to and appears to function in the nucleus, suggesting a generic role for ␥-secretase cleavage in nuclear signaling. Here we show that the p75 neurotrophin receptor (p75 NTR ) undergoes presenilin-dependent intramembrane proteolysis to yield the soluble p75-intracellular domain. The p75 NTR is a multifunctional type I membrane protein that promotes neurotrophininduced neuronal survival and differentiation by forming a heteromeric co-receptor complex with the Trk receptors. Mass spectrometric analysis revealed that ␥-secretase-mediated cleavage of p75 NTR occurs at a position located in the middle of the transmembrane (TM) domain, which is reminiscent of the amyloid ␤-peptide 40 (A␤40) cleavage of APP and is topologically distinct from the major TM cleavage site of Notch 1. Size exclusion chromatography and co-immunoprecipitation analyses revealed that TrkA forms a molecular complex together with either full-length p75 or membrane-tethered C-terminal fragments. The p75-ICD was not recruited into the TrkAcontaining high molecular weight complex, indicating that ␥-secretase-mediated removal of the p75 TM domain may perturb the interaction with TrkA. Independent of the possible nuclear function, our studies suggest that ␥-secretase-mediated p75 NTR proteolysis plays a role in the formation/disassembly of the p75-TrkA receptor complex by regulating the availability of the p75 TM domain that is required for this interaction.
The p75 neurotrophin receptor (p75 NTR ) 1 is a multifunctional type I membrane protein that promotes neurotrophin-induced neuronal survival and differentiation by regulating the specificity and affinity of the Trk receptors (for review, see Refs. [1] [2] [3] [4] . Recent studies demonstrate that the p75 NTR participates in more diverse biological events including cell death, migration, and axonal elongation. Given a widely postulated role in neuronal cell survival, the p75 NTR is also thought to be associated with many neurodegenerative diseases, including Alzheimer's disease (reviewed in Ref. 5) . For instance, the p75 NTR is a marker for basal forebrain cholinergic neurons that undergo selective and severe degeneration in Alzheimer's disease (6, 7) . The precise mechanism as to how the p75 NTR transmits diversified signaling in the normal or diseased nervous system, remains elusive.
␥-Secretase is an unusual aspartyl protease that cleaves a growing number of substrates (8 -12) , including APP, Notch, and ErbB4, within the predicted transmembrane domain (reviewed in Refs. [13] [14] [15] [16] [17] . Limited homology among the putative cleavage sites of known ␥-secretase substrates indicates that the intramembrane cleaving ␥-secretase activity is not dependent on a specific amino acid target sequence immediately adjacent to the cleavage site. The presenilins 1 (PS1) or PS2 are required for its activity (18) and appear to be essential catalytic components in the heteromultimeric ␥-secretase complex (19 -21) . ␥-Secretase-mediated intramembrane proteolysis recently emerged as a highly conserved mechanism in receptor signaling (13, 14) . A small fraction of intracellular domains (ICD) derived from APP, Notch, and ErbB4 translocates and appears to function in the nucleus, suggesting a generic role for ␥-secretase cleavage in nuclear signaling (9, 10, (22) (23) (24) (25) . However, it is unclear whether ␥-secretase cleavage plays a role in non-nuclear functions. Although ␥-secretase is incapable of processing the full-length form of its substrates, it efficiently cleaves membrane-anchored truncated C-terminal derivatives produced by ectodomain shedding (26) .
Early reports showed that the truncated p75 extracellular domain that contains the NGF-binding region is released into the culture medium and biological fluids, indicating that the p75 NTR undergoes ectodomain shedding (27) (28) (29) (30) (31) . We predicted that there may be cell-associated C-terminal proteolytic fragments resulting from ectodomain shedding of the full-length p75 receptor in addition to the corresponding extracellular domain that is released from the cell. Because extracellular cleavage of type I membrane proteins is a pre-requisite for their subsequent ␥-secretase-mediated cleavage (26) , we set out to examine whether the p75 NTR could be subjected to ␥-secretasemediated proteolysis. Here we report that p75
NTR is a novel substrate of the presenilin-dependent ␥-secretase and that intramembrane proteolysis of the p75 NTR may play a role in the formation or disassembly of the neurotrophin receptor complex containing the p75 NTR and Trk receptors.
EXPERIMENTAL PROCEDURES
Plasmids-To generate constructs encoding C-terminal V5/Histagged p75
NTR and Trk receptors, coding sequences from the pCMV constructs (32) coding for the full-length human p75 NTR , rat TrkA, rat TrkB, or rat TrkC were amplified by PCR using High Fidelity PCR Master (Roche Applied Science) and subcloned into pEF-V5/His vector using TOPO cloning kit (Invitrogen). To generate constructs encoding truncated p75 lacking the entire ectodomain (p75-⌬E14), the following primers were used: a 5Ј primer consisting of the KpnI restriction site fused to Kozak and start codons followed by the preprotrypsin signal peptide, HA recognition sequence, and the 5Ј region of p75 consisting of the first extracellular amino acid only (5Ј-taaggggtaccccaccatgtctgcacttctgatcctagctcttgttggagctgcagttgcttatccatatgatgttccagattatgctaacctcattcctgtctattgc-3Ј). The 3Ј primer consisted of the 3Ј region of p75 inclusive of the endogenous stop codon followed by an EcoRI site (5Ј-atacggaattcctcacactggggatgtggcagtgg-3Ј). The expression construct encoding fulllength rat p75 with the N-terminal signal peptide followed by the Streptag II and HA epitope tag (St75) was generated by PCR amplification using N-terminal signal peptide and HA-tagged full-length rat p75 as template. The primers used were 5Ј-St75 (gctactgcagttgctTGGAGCCACCCGCAGTTCGAAAAAggcgcctatccatatgatgttccagattatgctaaggagac) and 3Ј-St75 (gtcctggcaggagaacacgagtcccgagcc). Capital letters denote the incorporated Strep-tag II (St2) sequence (NH 2 -WSHPQFEK-COOH). PCR products were digested with PstI and subcloned into PstI-digested N-terminal signal peptide and the HA-tagged full-length rat p75 construct. All constructs were fully verified by DNA sequencing.
Cell Culture-HEK293 and SN56 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and penicillin/streptomycin/glutamine (Invitrogen). For stable or transient transfection, Superfect (Qiagen) transfection reagents were used according to the manufacturer's protocol. Stable cell lines were generated by transfecting 293 cells with the indicated plasmids (e.g. St75 or p75V5) and screening individual Zeocin-resistant colonies by Western blot using anti-HA. The p75/TrkA double stable line (St75A1) was generated by co-transfecting 293 cells with Strep75-pcDNA3.1-Zeo(ϩ) and TrkA-pEF6 that has a V5-His tag at the C-terminal of TrkA. Individual Zeocin and blasticidin-resistant colonies were screened by Western blot using anti-HA and anti-V5. Compound E was synthesized and provided by T. Golde, A. Fauq, and C. Ziani-Cherif.
Western Blot Analysis-Cells were lysed using buffer IP (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.25% Nonidet P-40, 2 mM EDTA) supplemented with the protease inhibitor mixture tablet (Roche Applied Science). Protein quantification, SDS-PAGE (4 -20 or 8%), and Western blot analyses were carried out as described previously (10) . Primary antibodies were used at the following dilutions: polyclonal anti-p75-ICD (Promega) 1:1000; monoclonal anti-V5 (Invitrogen) 1:5000; and monoclonal HA.11 (Covance) 1:2000.
Affinity Isolation of Secreted p75 Ectodomain-Media from cultured p75 stable cells (St75 or St75A1) were subjected to affinity isolation using Strep-Tactin-Sepharose (IBA, Germany) as recommended by manufacturer. Briefly, the samples were incubated with Strep-TactinSepharose for 2 h at 4°C, and washed four times with Wash buffer. Affinity binding proteins were eluted with elution buffer. Eluents were concentrated using Speed-vac, resuspended in sample buffer, and subjected to SDS-PAGE and Western blotting.
Purification of p75-ICD and Mass Spectrometry-Active membrane preparation and cell-free generation of the p75-ICD were performed as described (10) . Membrane fractions from 60 150-mm dishes of 293 cells stably transfected with p75-pEF6/V5-His were incubated 4 h at 37°C. After incubation, the soluble p75-ICD was separated by centrifugation of the reaction mixtures at 200,000 ϫ g for 30 min. The supernatants were loaded onto a Q Fast Flow Hitrap column (Amersham Biosciences) pre-equilibrated with 50 mM Tris-HCl, pH 8.0, at a flow rate of 1 ml/min. Bound proteins were eluted with a 20-ml linear gradient of 0.0 to 1.0 M NaCl and column fractions were analyzed by Western blotting using an anti-V5 antibody. Fractions containing p75-ICD were pooled and further purified by using Talon metal affinity beads according to the manufacturer's protocol (Clontech). After analyzing the affinity purified proteins by Western blot analysis and silver staining using SilverQuest stain kit (Invitrogen), eluents were concentrated and separated on 8 -12% gradient SDS-PAGE gels. The protein band corresponding to p75-ICD was subjected to in-gel digestion by trypsin and analyzed by MALDI-TOF mass spectrometry as described (33) . The list of peptide masses obtained by MALDI-TOF MS was compared with theoretical masses of trypsin-digested p75 fragments.
Immunocytochemistry-Cells were fixed for 20 min at room temperature with 4% paraformaldehyde in PBS, washed 3 times with PBS, and blocked for 4 h at room temperature with 10% normal goat serum (Zymed Laboratories Inc.) in PBS. Cells were subsequently incubated overnight at 4°C with primary antibodies under the following conditions: polyclonal anti-p75-ICD (Promega, 1:300) in 10% normal goat serum, 0.2% Triton X-100 in PBS; monoclonal anti-V5 antibody (Invitrogen, 1:500) in 4% normal goat serum, 0.2% Tween 20 in PBS. Alexa 568-labeled anti-mouse or Alexa 488-labeled anti-rabbit secondary antibodies (Molecular Probes, 1:1000) were used for detection. Samples were mounted and fluorescence images were captured using an Olympus IX71 inverted fluorescence microscope equipped with Spot-RT TM cooled digital camera (Diagnostic Instruments).
Immunoprecipitation-After 48 h of transfection, cells were lysed with IP buffer (10 mM Tris-HCl, pH 7.0, 150 mM NaCl, and 1% Triton X-100 or Nonidet P-40) supplemented with protease inhibitor mixture. The lysates were centrifuged at 14,000 ϫ g for 10 min and the supernatants were pre-cleared with 50 l of protein G-Sepharose (Amersham Biosciences) overnight at 4°C. The pre-cleared supernatants were immunoprecipitated with anti-V5 (1:300, Invitrogen, Carlsbad, CA) and 30 l of protein G-Sepharose overnight at 4°C. The immunoprecipitates were washed four times with IP buffer, eluted with SDS sample buffer, and analyzed by Western blotting.
Size Exclusion Chromatography-St75A1 cells were harvested with IP buffer (10 mM Tris-HCl, pH 7.0, 150 mM NaCl, and 1% Nonidet P-40) supplemented with a protease inhibitor mixture (Roche). The lysates were centrifuged at 14,000 ϫ g for 10 min and the supernatants were filtered and fractionated using a Superose 6 gel filtration FPLC column (Amersham Biosciences) that was pre-equilibrated with Nonidet P-40 lysis buffer. Fractions (0.4 ml) were collected and analyzed by Western NTR (C-terminal V5 tag) were treated with TPA or NGF for 2 h, lysed, and analyzed by Western blotting using anti-V5 antibody (4 -20% Tris glycine SDS-PAGE). B, detection of the secreted p75 extracellular domain (ϳ60 kDa). Stable 293 transfectants expressing p75 NTR containing the N-terminal Strep-tag II (ST2) and HA tags were treated with TPA or NGF for 2 h in the presence or absence of a metalloprotease inhibitor, TAPI-2. The p75 extracellular domain secreted into the medium (p75-Ex) was isolated by affinity capture using ST2-specific affinity beads and detected by Western blotting using anti-HA antibody.
␥-Secretase Cleavage of the p75 NTR blotting. The standard protein markers were as follows: blue dextran (2000 kDa), thyroglobulin (669 kDa), ferritin (440 kDa), catalase (232 kDa), and bovine serum albumin (66 kDa).
RESULTS AND DISCUSSION
Ectodomain shedding of many cell surface receptors has been shown to be promoted by treatment with phorbol esters, such as 12-O-tetradecanoylphorbol-13-acetate (TPA) (34) . We first examined whether TPA-induced ectodomain shedding of the full-length p75
NTR produces truncated C-terminal fragments that may serve as putative substrate fragments of ␥-secretase. Treatment of the p75 NTR -transfected 293 cells with TPA resulted in ϳ30-kDa transgene-derived p75 NTR C-terminal fragments (Fig. 1A) . However, NGF treatment did not cause any detectable accumulation of these fragments. Cell fractionation studies corroborated that these fragments are tightly associated with the membrane (data not shown). To detect the soluble p75 extracellular domain, 293 cells were stably transfected with expression constructs encoding the p75 NTR with an Nterminal affinity tag. Constitutively released p75 ectodomain was detectable in the control medium and greatly increased by TPA treatment (Fig. 1B) . Release of the soluble p75 ectodomain was blocked efficiently by TAPI-2, a general metalloprotease inhibitor, indicating that a metalloprotease, such as tumor necrosis factor-␣ converting enzyme, is responsible for p75 ectodomain shedding. Antibody raised against the p75-ICD failed to detect these fragments in the medium (data not shown).
We next tested whether the C-terminal fragments derived from ectodomain shedding are subject to ␥-secretase cleavage. It has been shown that synthetic ␥-secretase inhibitors enhance accumulation of substrate fragments by inhibiting ␥-secretase-mediated turnover (9, 10, 18). Treatment with a ␥-secretase inhibitor, compound E (35), further increased the accumulation of the p75 C-terminal fragments that were in-FIG. 2. Ectodomain shedding-derived p75 C-terminal fragments are subjected to ␥-secretase cleavage yielding unstable p75 intracellular domains (p75-ICD). A, TPA-induced accumulation of the cell-associated p75 C-terminal fragments is potentiated by treatment with a ␥-secretase inhibitor, compound E (Cpd.E). 293 cells were transfected with constructs encoding the C-terminal V5/His-tagged forms of p75 NTR . 24 h after transfection, cells were incubated with TPA, compound E, or both for 30 min. Detergent lysates were analyzed by Western blotting using anti-V5 antibodies. B, treatment with compound E causes the steady-state accumulation of a truncated C-terminal fragment derived from the p75 NTR but not from the Trk family neurotrophin receptors. 293 cells were transfected with the indicated constructs encoding the C-terminal V5/His-tagged forms of p75 NTR , TrkA, TrkB, and TrkC and analyzed by V5 Western blotting. C, p75-ICD is stabilized and detected in the presence of a proteasome blocker MG132. Stable 293 cells described in A were incubated with 10 M MG132 for 8 h in the presence or absence of compound E. Note that the putative p75-ICD band was not detected in the samples from compound E-treated cells. The blot was overexposed to visualize p75-ICD in lane 1. D, effects of various proteasome and calpain inhibitors on the accumulation of p75-ICD. Stable 293 transfectants described in B were treated with the indicated proteasome inhibitors (MG132, lactacystin, ALLN, Clasto-lactacystin ␤-lactone, proteasome inhibitor I, and epoxomicin) or calpain inhibitors (PDI 150606, calpastatin peptide, and calpeptin), and analyzed by Western blotting using anti-p75ICD antibody. All inhibitors were treated at concentrations of 10 M for 8 h. E, ␥-secretase-dependent formation of p75-ICD from p75-⌬E14 constructs. 293 cells transfected with p75-⌬E14 constructs were incubated in the presence of MG132 (10 M) in the presence or absence of compound E (200 nM) for 8 h. Blots were probed with anti-p75ICD antibodies. F, detection of the endogenous p75-ICD in SN56 cells (cholinergic septal neuronal cell line). SN56 cells were incubated for 8 h with MG132 or MG132 plus TPA (100 ng/ml) in conjunction with varying concentrations (0, 25, 50, and 100 nM, respectively) of compound E. The lysates were analyzed by Western blotting using anti-p75-ICD. NTR with C-terminal V5/His tag. After incubating the membrane fractions at 37°C for 1 or 2 h, the pellet (A) and supernatants (B) were analyzed by Western blotting using an anti-V5 antibody. The starting material (lysate) is shown in the right lane (A). The supernatants were further subjected to ion exchange and metal-affinity (Talon) chromatographic separations. Fractions positive for the p75 NTR were pooled and subjected to further analyses. C, co-migration of the ICDs generated in intact cells and in vitro. The lysates of the 293 cells incubated with lactacystin and/or compound E (Cpd.E) were run in parallel with the soluble and membrane fractions containing the p75-ICD using a 4 -20% gradient SDS-PAGE. D, silver staining and anti-V5 Western blots of the partially purified p75-ICD-V5/His. The 25-kDa p75-ICD-V5/His band (designated by arrow) was excised from the silver-stained gel and subjected to in-gel digestion followed by mass spectrometry analysis. E, MALDI-TOF mass spectrometry spectra of the p75-ICD-V5/His. Peptide sequences corresponding to the distal N-terminal ends are indicated as P1 and P2, respectively. Peptide sequences for s1-6 are described in Table I . ␥-Secretase Cleavage of the p75 NTR duced by TPA ( Fig. 2A) . The levels of full-length p75 NTR were not affected by the ␥-secretase inhibitor treatment. Overnight treatment of compound E caused a similar accumulation of p75 C-terminal fragments even in the absence of TPA stimulation, suggesting that both ectodomain shedding and subsequent ␥-secretase cleavage occur in the cells constitutively (Fig. 2B) . Another unrelated ␥-secretase inhibitor, L-685,458 (36), gave rise to similar effects (data not shown). However, ␥-secretase 
FIG. 5. Immunocytochemical localization of TrkA, p75 full-length (FL), C-terminal fragments, and p75-ICD in transfected 293 cells.
A, double labeling of 293 cells co-expressing TrkA (red; labeled C-terminal V5 tag), the p75 variants (green; labeled with antibody against intracellular domain of the p75), and 4,6-diamidino-2-phenylindole (DAPI) nuclear staining (blue). Note that p75 full-length and ⌬E14 co-localize with TrkA, whereas p75-ICD does not. The p75-ICD was detected in both the cytoplasm and the nucleus. B, effects of compound E (Cpd.E) on the TrkA and ⌬E14 immunoreactivities.
␥-Secretase Cleavage of the p75
NTR inhibitor treatment did not confer any detectable effects on C-terminal fragment accumulation in cells transfected with constructs encoding TrkA, TrkB, or TrkC (Fig. 2B) .
Although ␥-secretase inhibition led to the accumulation of putative substrate fragments of p75, the predicted intracellular domain derived from p75 NTR (p75-ICD) was not readily detectable by Western blot analysis, suggesting that the p75-ICD is unstable in the intact cells. We therefore attempted to detect the p75-ICD by inhibiting a proteasomal pathway that has been shown to mediate degradation of Notch intracellular domain (22, 37) . Treatment of p75-transfected 293 cells with MG132 caused the accumulation of ϳ25-kDa fragments (Fig.  2C) . MG132-induced accumulation of 25-kDa p75 fragments could be efficiently inhibited by treatment with compound E, indicating that this fragment represents the p75-ICD. Additional proteasome inhibitors, including lactacystin, clasto-lactacystin ␤-lactone, proteasome inhibitor I, and epoxomicin, all caused the accumulation of the p75-ICD, whereas calpain inhibitors did not exhibit any detectable effects on p75-ICD accumulation (Fig. 2D) . The effects of lactacystin, clasto-lactacystin ␤-lactone, and epoxomicin on the p75-ICD accumulation were saturated at 1 M concentration (data not shown). These data indicate that ␥-secretase-generated p75-ICD is rapidly removed via proteasomal degradation.
To demonstrate a direct ␥-secretase-dependent generation of p75-ICD from p75 C-terminal fragments (versus full-length), we expressed a p75-⌬E14 construct, which encodes a truncated p75 protein that lacks the entire ectodomain but contains the entire cytoplasmic and transmembrane domains of the p75 NTR immediately following the signal sequence (Fig. 2E) . Thus, the p75-⌬E14 proteins are predicted to undergo constitutive cleavage by ␥-secretase in the absence of ectodomain shedding, similar to the previously reported constitutive Notch ⌬E constructs (22) . The p75-ICD was detectable in 293 cells transfected with p75-⌬E14 constructs under the condition described in Fig. 1E , indicating that the p75-ICD is constitutively generated directly from the truncated p75-⌬E14 proteins.
To demonstrate ␥-secretase-mediated cleavage of endogenous p75 NTR , we utilized cholinergic SN56 cells (38) . As shown in Fig. 2C , the endogenous p75-ICD was stabilized and detected in the presence of MG132 (Fig. 2F) . TPA treatment caused the added accumulation of membrane-associated p75 C-terminal fragments and subsequent generation of p75-ICD in SN56 cells (Fig. 2F) . Our data show that the p75-ICD is produced endogenously in intact SN56 cells.
We next studied whether functional presenilins are required for ␥-secretase cleavage of the p75 NTR . For this purpose, we first examined the accumulation of the p75 C-terminal fragments in the stable 293 cells expressing the dominant-negative forms of PS1 and PS2 (10) . The dominant-negative mutations in conserved aspartate residues (e.g. PS1-D385 and PS2-D366) abolish the biological activities of PS1 and PS2, including ␥-secretase cleavage (39, 40) . In cells expressing dominantnegative presenilins, the accumulation of the p75 C-terminal fragments was dramatically elevated as compared with cell lines expressing comparable levels of wild-type forms of PS1 and PS2 (Fig. 3A, lane 4) . TPA treatment further increased the accumulation of p75 C-terminal fragments in dominant-negative presenilin cells, indicating that ␥-secretase-mediated turnover of the p75 C-terminal fragments requires functional presenilins (Fig. 3A, lane 3) . Similar increases in the levels of the p75 C-terminal fragments were also observed in fibroblasts lacking both PS1 and PS2 (data not shown). To directly demonstrate presenilin-dependent generation of p75-ICD, we assayed the generation of p75-ICD from membrane fractions prepared from 293 cells expressing either wild-type or dominant-negative presenilins by incubating at 37°C in the presence or absence of compound E. The generation of p75-ICD was impaired in the membrane fractions from dominant-negative presenilin cells and by the wild-type cell membrane fractions treated with compound E in Fig. 3B . Our data indicate that presenilin-dependent ␥-secretase cleavage is responsible for the generation of p75-ICD and inhibition of this cleavage leads to enhanced accumulation of membrane-associated p75 C-terminal substrate fragments.
Because the p75-ICD is unstable in intact cells (Fig. 2) , to isolate sufficient amounts of the p75-ICD for determining the major ␥-secretase cleavage site, we utilized a cell-free ␥-secretase assay system (10) using membrane fractions prepared from stable 293 transfectants overexpressing the p75 NTR with C-terminal V5 and His 6 (V5/His) affinity tags. Membrane fractions were prepared on a large scale and subjected to in vitro ␥-secretase cleavage (Fig. 4A) . The p75-ICD fragments containing V5/His tags were subsequently generated in a ␥-secretase inhibitor-sensitive manner and a portion of the p75-ICD was recovered in the soluble fraction (Fig. 4B) . The ICDs generated from cells and in vitro co-migrated on SDS-PAGE, indicating NTR and other p75 variants expressed by deletion constructs: ⌬E14 and p75-ICD. Detergent lysates from 293 cells that were transiently transfected with the indicated constructs were immunoprecipitated with monoclonal anti-V5 antibody and were analyzed by Western blotting using anti-p75-ICD (top panel) or polyclonal anti-V5 antibody (bottom panel). Starting material (Input) is shown in the right panel and the locations of the p75 full-length, C-terminal fragments, and ICD are indicated by arrows. Note that the p75-ICD and TrkA do not interact. B, co-immunoprecipitation was performed as described in A except that the blot was probed with anti-HA antibody to detect HA-tagged ErbB4.
NTR that the p75-ICD in the soluble fraction is likely to have an identical N-terminal end to the p75-ICD generated in intact cells (Fig. 4C) .
The p75-ICD-containing soluble fraction was collected and subjected to chromatographic separations using ion exchange and metal-affinity (Talon) resins. Column fractions positive for the p75-ICD were pooled, separated on SDS-PAGE, and silverstained (Fig. 4D) . The silver-stained bands corresponding to the p75-ICD were subjected to in-gel digestion and MALDI-TOF mass spectrometry analysis (Fig. 4D) . Mass spectrometry analysis revealed a major peak of molecular mass of 1855.0, as well as many minor peaks (Fig. 4E) . Eight different tryptic peptides derived from the p75-ICD were identified in our MALDI-TOF analysis (Table I ). The major peak (P1) and a minor peak (P2) were detected at 1855.0 and 1236.6, which correspond to the peptide sequences of VGLVAYIAFKRWN-SCK and VGLVAYIAFKR, respectively ( Fig. 4E ; Table I ). Predicted mass values were 1855.0 for P1 and 1236.7 for P2. Both peptides start at Val-236 of the human p75 NTR (Fig. 4, E and  F) , indicating that the p75-ICD is generated as a result of proteolysis between amino acids Val-235 and Val-236. Interestingly, the major cleavage site of the p75 NTR is located immediately after the amino acid sequence AAVV, similar to the A␤40 cleavage site that resides immediately following an analogous sequence (GGVV) (Fig. 4E) . Our data indicate that the major intramembrane cleavage site of the p75 NTR is located in the middle of the transmembrane domain that is reminiscent of the A␤40 cleavage of APP and is topologically distinct from the major transmembrane cleavage site of mouse Notch 1 (S3 site) (22) or from the ␥49 site of APP (41) (42) (43) .
One of the most prominent functions of the p75 NTR is to serve as a co-receptor for neurotrophins by forming a high affinity heteromeric receptor complex with Trk receptors (44) . We noticed that the transmembrane domain and cytoplasmic tail of the p75 NTR appear to be the essential structural regions for its interaction with the Trk receptor (45) as well as for forming a high affinity NGF receptor (44) . Therefore, we postulated that the extracellular and/or intramembrane cleavage of the p75 NTR (and subsequent domain truncations) may directly influence its interaction with Trk receptor.
We first tested whether TrkA co-localizes with truncated p75 NTR variants produced by deletion constructs (Fig. 5A ). 293 cells were co-transfected with TrkA constructs (with C-terminal V5/His epitope tag) along with constructs encoding vector alone (data not shown), p75 full-length, ⌬E14 (containing the TM and cytoplasmic domains but not the extracellular domain; Fig. 2E ), and p75-ICD (a predicted ␥-secretase product). Indirect immunofluorescence microscopy revealed that both fulllength p75 NTR and truncated ⌬E14 are distributed in membranous structures and display an overall colocalization with TrkA (Fig. 5A) . In contrast, the p75-ICD was distributed ubiquitously in the cell and appears to be concentrated in the nucleus as depicted by 4,6-diamidino-2-phenylindole nuclear staining. The distribution of p75-ICD was clearly different from that of TrkA. Treatment with compound E appeared to redistribute the co-localization patterns (indicated by the area of overlapping fluorescence signal) of TrkA and ⌬E14 to include the trans-Golgi network/Golgi-like structures as well as the plasma membrane (Fig. 5B) .
We next tested whether TrkA can interact with truncated p75 NTR variants expressed by deletion constructs (Fig. 6A) . 293 cells were co-transfected with TrkA constructs along with the p75 constructs mentioned above: full-length, ⌬E14, and p75-ICD. A full-length ErbB4 construct was included as a negative control (10) . The lysates were then subjected to co-immunoprecipitation analyses using anti-V5 antibodies under detergent conditions (1% Triton X-100 or 1% Nonidet P-40) previously described for the co-immunoprecipitation between full-length forms of TrkA and p75 NTR (45) . Both full-length and ⌬E14 were co-immunoprecipitated by anti-V5 antibody, indicating that TrkA associates with both p75 NTR full-length and the predicted metallo-protease generated C-terminal fragments (⌬E14) (Fig.  6A) . Our data imply that the ectodomain-shedded p75
NTR Cterminal fragments may still be complexed with TrkA and are predicted to serve as a high affinity NGF receptor (44) . In contrast, the p75-ICD (Fig. 6A) and ErbB4 (Fig. 6B ) failed to interact with TrkA, indicating that TrkA interacts with membrane-tethered p75 NTR but not with the p75-ICD. These data suggest that ␥-secretase cleavage slashes the TM domain that is required for the association of p75 NTR with the Trk receptor. To further investigate the molecular interaction between TrkA and cell-generated p75 proteolytic fragments, we next performed size exclusion chromatographic analyses using the detergent lysates prepared from stable 293 cells co-expressing TrkA and full-length p75 NTR . To promote the generation and detection of the p75 C-terminal fragments and p75-ICD (derived from the full-length p75 NTR ), the cells were incubated with TPA and lactacystin in the absence (Fig. 7A) or presence (Fig. 7B) of compound E. The full-length p75 NTR and TrkA exhibited virtually identical distribution in size exclusion chromatography fractions and the p75 C-terminal fragments exhibited an overlapping elution profile with TrkA (Fig. 7, A and B) . The molecular mass of the high molecular weight complexes harboring TrkA and p75 full-length or C-terminal fragments was estimated as the size ranging between ϳ300 and 800 kDa. In contrast, p75-ICD migrated as a low molecular weight species, indicating that the p75-ICD is not recruited into the TrkAbearing high molecular weight complex. In the parallel analyses, treatment with TPA, lactacystin, or compound E alone did not alter the distribution of TrkA and full-length p75 NTR in the size exclusion chromatography fractions (data not shown).
We showed herein that p75 NTR is the only ␥-secretase substrate identified so far that undergoes intramembrane proteolysis at the site precisely corresponding to the A␤40 cleavage. Although it is still possible that the minor ␥-secretase cleavage(s) might occur in alternate site(s) that were not detected in our MALDI-TOF analysis, our studies indicate that the single cleavage in the middle of the TM domain was sufficient to cause the release of the p75-ICD, without a need for additional cleavage near the cytoplasmic side of the membrane, such as ␥49 or Notch S3 cleavage (Fig. 4) . Given a widely postulated role for neurotrophin receptors in cholinergic neuronal survival, our studies further raise the possibility that, like APP, altered proteolytic processing of p75 NTR may contribute to the selective dysfunction and/or degeneration of p75-expressing neurons in Alzheimer's disease (e.g. basal forebrain cholinergic neurons) (6, 7) . Moreover, it is conceivable that therapeutic reagents based on general inhibition of ␥-secretase activity may potentially affect p75 signaling and p75-associated cholinergic neuronal survival and differentiation.
The intracellular domains derived from APP and Notch appear to function commonly as nuclear signaling proteins. It remains to be determined whether the p75-ICD would also function as a nuclear transcriptional modulator like Notch and APP. Our data suggest that the main role of the ␥-secretase is to remove the p75 TM domain that is an essential domain for molecular interaction with the Trk receptor (Fig. 8) . ␥-Secretase-mediated conversion of p75 NTR from membrane-tethered p75 fragments to p75-ICD may occur while the p75 is bound to TrkA. Alternatively, p75 ectodomain shedding may occur without Trk receptors and additional cleavage by ␥-secretase would remove the membrane-tethered p75 fragments, thereby precluding interaction with Trk (Fig. 8) . Independent of the possible nuclear function, our studies suggest that ␥-secretasemediated p75 NTR proteolysis plays a role in the formation/ disassembly of this receptor complex by regulating the availability of the TM domain that is required for interaction with the Trk receptors.
